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ABSTRACT 

The s u p e r d e l o c a l f z ~ b f ~ ~ ~ i ~ ~  i n  rnonosubstitursd 
heteroaromgtic comfiounds have been ,calculated as e ight  
n-electron systems i n  terms of t h e  functions of Coulomb 
and resonance in t eg ra l s  assigned f o r  heteroatoms and 
subs t i tuents  by the  Hiickel method. 

The calculat ions have shown tha t  ( i )  the  e f f e c t s  of 
Coulomb in t eg ra l s  f o r  subs t i tuents  decrease on the  order 

of Sr > Sr Sr, (ii) the  e f f ec t s  of Coulomb in t eg ra l s  

f o r  heteroatoms decrease i n  t h e  order of Sr > Sr > Sr. 

E R N  

N E R  

The r e l a t ions  of calculated superde loca l izabi l i t i es  
t o  the experimental r e s u l t s  w e r e  discussed. 

The value of the  superdelocal izabi l i ty  of subs t i tu ted  heteroaromatic /665* 
compounds is  computed as functions of Coulomb in t eg ra l s  and resonance inte- 
g ra l s  of heteroatoms and subs t i tuents  by means of Hiickel's method. 

The e f f e c t  of Coulomb in t eg ra l s  on the superdelocal izabi l i ty  decreases 
E R N on the  order of Sr > Sr > Sr . 

The e f f e c t  of heteroatoms on t h e  superdelocal izabi l i ty  decreases on 
N R E the  order of Sr > S r  > S r  . The chemical r eac t iv i ty  of monosubstituted 

heteroaromatic compounds can be i l l u s t r a t e d  by superdelocal izabi l i ty .  

(*'I This paper is  ca l led  "Molecular Orbi ta l  Treatment of Chemical Propert ies  

(*2) Department of Applied Chemistry , College of Engineering, The University 

of Subst i tuted Heteroaromatic Compounds, Report No. 2". 

of Osaka Prefecture,  Osaka, Japan. 

* Numbers i n  the  margin ind ica te  pagination i n  the  o r ig ina l  foreign text. 
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1. INTRODUCTION 

In  t h e  preceding report  (l) w e  have considered how various s t a b i l i t y  
propert ies  of mono-substituted heteroaromatic compounds -- energy of t he  
highest  o r b i t ,  t he  order of n-combinations -- are dependent on t h e  pro- 
pe r t i e s  of heteroatoms and subs t i tuents  by m e a n s  of simple molecular 
o r b i t a l  treatment, When the  chemical r eac t iv i ty  of compounds of n-elec- 
t ron  systems w e r e  discussed with the  a id  of t he  simple molecular o r b i t a l  
ereatrnent, superdelocal9zabilSty and a-electron d@nsfty were ueed with 
considerable success (2) , 

In t h i s  report ,  we  have invest igated the  manner i n  which t h e  super- 
de loca l izabi l i ty  of carbon 
compounds depends on the  propert ies  of heteroatoms and subs t i tuents  of 
compounds. 
heteroaromatic compounds. 

atoms within mono-substituted heteroaromatic 

W e  a l so  have considered the  chemical r e a c t i v i t y  of subs t i tu ted  

W e  have assumed t h a t  t h e  propert ies  of heteroatoms and subs t i tuents  1666 
are determined by both Coulomb in t eg ra l s  of these atoms and resonance 
in t eg ra l s  between these atoms and adjacent carbon atoms. (*3)  

As f o r  superdelocal izabi l i ty ,  there  is one f o r  e l ec t roph i l i c  react ions 
(SrE), one f o r  nucleophilic react ions (SrN), and one f o r  r ad ica l  react ions 
(SrR). 
compound is numbered s imi la r ly  t o  the  preceding report( ' ) ,  as i n  Figure 1 

Also, the same symbols as  are used i n  (Ref. 1) are employed. I n  

These values are computed by Fukui's method(2). Each atom of the  

t h i s  repor t ,  a l l  subs t i tu ted  heteroaromatic compounds are t rea ted  as 8n- 
e lectron systems; the  note 3 of (Ref. I) may be re fer red  t o  on t h i s  matter. 

(l) Preceding report  (Report No. 1). Ueno, Otsuj i ,  Imoto, Nippon Kagaku 
Zasol i i ,  Vol. 87, p. 659, 1966, 

( 2 )  K. Fukuji, G. Nagata, T. Yonezawa, K. Morokuma. Bull .  Chem. SOC., 
Japan, Vol. 3 4 ,  p. 230,  1959. 

(*3) In t h i s  report  w e  assumed t h a t  t he  Coulomb i n t e g r a l  % o f  heteroatom X 
f o r  I and I1 type compounds is  a + 6, a + 0.56, a, a - 0.56; t h e  reson- 
ance i n t e g r a l  Bcx between t h e  heteroatom X and the adjacent carbon is 
6, 0.68, 0.28; the  Cou$omb i n t e g r a l  aY is 01 + 28, 01 + 1.58 and 01 + 0.56, 

s t i t u e n t  Y and the  adjacent carbon atom is 8 ,  0.66, 0.26. Also, f o r  
type 111 compounds, w e  let  ax be a + 28, 01 + 0.56, a; f3cx be 1 . 4 6 ,  6, 
0.86, 01y be 01 + 28, a + 8, a + 0.56, a; and Bm be  6. 

and the  resonance i n t e g r a l  6, between the  sub- 
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Figure 1 

2. ELECTROPHILIC REACTIVITY SrE 

2.1 Monohetero. 5-Membered Ring Components 

2.1.1 Effect  of Heteroatoms(*5) 

In  order t o  study the  e f f e c t  of heteroatoms, the  Coulomb i n t e g r a l  
ay i s  equated with a + 13 and the resonance i n t e g r a l  Bcy (between hetero- 
atoms and adjacent carbon atoms) is  equated with 8 .  
by changing the  Coulomb i n t e g r a l  ax of heteroatoms from a 4- 13 t o  a - 0.58, 
and the  resonance i n t e g r a l  BCx between heteroatoms and adjacent carbon 
atoms from 13 t o  0.28. The r e s u l t  is tabulated i n  Table I, and the  conclu- 
s ions drawn from Table 1 are described below. 

Then SrE is  computed 

(1) Effect  of ax(*') 

1) The order of magnitude of SrE changes with ax. 

( i )  When the  absolute value of ax is  l a rge r  than a, 
SrE decreases i n  the  order of I;th > Srd > @ i n  the  case of a-substi tuent,  
and i n  the  order of @ > 5& > & i n  the  case of 13-substituent. (*7) 

(*4) When the  subs t i tuent  is a t  the  3 s  o r  4,. t h  pos i t ion ,  the number of the 
subs t i tuent  Y is  described by 3' o r  4 ' .  

(*5) Refer t o  footnote 4 of (Ref. 1). 
\ 

(*6) Refer t o  footnote 5 of (Ref. 1). 

(*7) Wnen w e  assume t h a t  t he  absolute value of ax is l a rge r  than "the 
neighborhood of a", ac tua l ly  "the neighborhood of a" changes with 
the  other  parameters -- such as BCX, ay, and $CY. 
"the neighborhood of a'' is  only t r u e  when ay = a 4- 13, $CY = 13 and 
@CY is 13 'L 0,213. 
absolute value of ax is not affected,  
only ind ica tes  an approximate measure. 
ever we spec 

S t r i c t l y  speaking, 

However, the  tendency of SrE as a function of t he  
Thus "the neighborhood of a" 
This footnote appl ies  when- 

s smaller o r  l a r g e r  than a ce r t a in  

3 
h e .  t 



TABLE 1 

VALUE OF SrE WHEN ax I S  CHANGED TO f3cx AT THE MONOSUBSTITUTED, 
5-MEMBERED RING (WHERE ay = 01 f 6, @cy 8) 

2.6277 1.4302 

0.9422 .; i 1,3254 
3.7936 , , 2.7922 0.9043 

Note (a):  Because the  highest  o r b i t a l  becomes an anti-bonding o r b i t a l  
( r e fe r  t o  Note b of the  preceding Report l), the  
value of SrE cannot be computed. 

( i i )  When the  absolute value of ax is smaller than 
a, SrE decreases i n  the  order of .hth > 5th > 'e f o r  a-substi tuent,  and 
i n  the  order of > ,th > 2 g  f o r  @-substituent. 

2) I r respec t ive  of BCX, the  following conclusions can be 
,drawn: 1 

( i )  a-substi tuent;  as t h e  absolute value of a-substituents 
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increases, SqE decreases, bu t  S5E and SgE s l i g h t l y  increase. 

S2E s l i g h t l y  increases ,  bu t  SbE 
is  l a r g e r  than t h a t  of SgE. 

( i i )  B-substituent; as the absolute value of ax increases, 
and S5E decrease. The decrease of SbE 

(2) Ef fec t  of 6cx(*a) 

1) 
a-substituent and 6-substituent, and it does not depend on 6cx. 

2) 

The maxiam site of SrE is deterrnined by ax for both 

The e f f e c t  of 6cx on SrE 

( i )  

is d i f f e r e n t  from t h a t  of ax. 

When the  absolute value of ax is l a rge r  than a, 
SbE increases as t h e  absolute value of BCX increases f o r  a-substituents, 
bu t  S g E  and SgE decrease. 
S,E. decreases as t h e  absolute value 
of Bcx increases ,  bu t  SqE and SsE increase. 
than t h a t  of SgE, and t h e  increase  of SgE is  l a rge r  than t h a t  of SgE. 

The decrease of SgE is  l a r g e r  than t h a t  of 
I n  t h e  case of 6 - ~ u b s t i t u e n t s , S 2 ~  

The increase  of SqE is  l a rge r  

(ii) When t h e  absolute value of ax is smaller than 
a, SrE decreases as t h e  absolute value of BCX increases f o r  both a- and 
6-substituents. 
f o r  a-subst i tuent ,  

The rate of decrease i s  on the  order of S5E “J S4 E > SgE 
and S5E > SzE - Q SqE f o r  B-substituent. 

2.1.2 Effec t  of Subst i tuent  Base 

I n  order t o  evaluate t h e  e f f e c t  of t he  subs t i t uen t  base, t h e  
Coulomb i n t e g r a l  ax of heteroatoms is equated with a + 0.56, and t h e  
resonance i n t e g r a l  6cx between heteroatoms and adjacent carbon atoms is  
equated with 0.66. Then SrE is computed by changing t h e  Coulomb i n t e g r a l  
ay from a + 26 t o  a + 0.56, and t h e  resonance i n t e g r a l  $cy from a -i- 26 t o  
a + 0.58. SrE is  computed by changing the  resonance i n t e g r a l  B, between 
the  subs t i t uen t  bases and t h e  adjacent carbon atoms from 6 t o  0.26. 
r e s u l t  is tabulated i n  Table 2. Since the  maximum o r b i t a l  becomes an an t i -  
bonding o r b i t a l  Tvhen the  absolute value of ci 

SrE cannot be  computed, ay i s  chosen i n  the  range spec i f i ed  above. 
conclusionsdrawn from Table 2 are described below. 

The 

becomes smaller than a and s ince  Y The 

(1) Effec t  of ay 

1) Both f o r  a- and 6-substituents, t he  m m i m u m  si te of 
S rE  is determined by ax, and i t  does not  depend on ay. 

(*8) Refer t o  footnote 7 of (Ref. 1). 
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TABLE 2 

THE VALUE OF SrE WHEN ay AND BCY ARE CHANGED I N  MONOSUBSTITUTED, 
5-MEMBERED RINGS (WHERE ax f 0.58, Bcx 0.6f3) 

-- - a-substi tuent * ‘ *  : 

1.2024 ’ 1.4065 

1.2132. 1.2126 ‘ I  ’ 1.4177 

2) I r respec t ive  of Bcy, SrE increases  rapidly as the  abso- 
l u t e  value of ay decreases f o r  both a- and 8-substituents. 
increase becomes smaller i n  the  order of SgE > SgE > S4E f o r  a-substi-’ / 6 6 8  
tuents ,  and i n  the  order of S$ > SgE > SqE 

The rate of 

f o r  8-substituents. 

(2) Effect  of $cy 

1) The maximum site of SrE is  determined by ax f o r  both a- 
and B-substituents, and it does not  depend on @cy. 

2) I r respec t ive  of MY, SrE increases  as the  absolute 
value 
crease becomes smaller i n  the  order of SgE > S3E > s ~ + ~  f o r  a-substi tuents,  

of @cy increases  f o r  both a- and +subst i tuents ,  The rate of in- 

6 



and i n  t h e  order of SZE > S5E > ShE f o r  &substi tuents.  

From these  r e s u l t s ,  t h e  following conclusions can be drawn: 

1) The s i te  undergoing e l e c t r o p h i l i c  reac t ions  is determined 
by the  electric nega t iv i ty  of heteroatoms. 
heteroatoms is l a rge  (e. g., furane and thiophene der iva t ives) ,  t h e  5 5  
pos i t ion  of a-substi tuents and t h e ' 2 g  pos i t ion  of 6-substituents are most re- 
ac t ive .  When the  electric nega t iv i ty  of! heteroatoms is  s m a l l  (e.g., 
a = a - 0.5B with celenophene ,de r iva t ives ) ,  t he  4% pos i t ion  of a-substi- 
tuents ,  and t h e  4% and 5% pos i t ion  of 6-substituents are most reactive. 
According t o  t h e  experiments, t h e  e l e c t r o p h i l i c  reac t ion  is  most reactive 
at t h e  5% pos i t ion  i n  t h e  case of a-substi tuents such as furane o r  thiophene, 
except f o r  t h e  case when t h e  subs t i tuent  base i s  a strong electron-ab- 
sorbing base, such as nitro-base. 
in  the  case of B-substituents. ( 3 )  Therefore, t h e  experimental r e s u l t s  can 
be i l l u s t r a t e d  by the  value of SrE f o r  both a- and 6-substituents. 

Not only t h e  overlapping of wave funct ions of heteroatoms 
and subs t i t uen t  bases with those of adjacent carbon atoms, but a l s o  the  
electric nega t iv i ty  of subs t i tuent  bases ,  a f f e c t s  t h e  r eac t iv i ty .  However, 
they are not i n f l u e n t i a l  enough t o  move t h e  reac t ion  si te.  

When t h e  electric nega t iv i ty  of 

X 

Also, t h e  2 e  pos i t ion  i s  most reactive 

2) 1669 

2.2 Monohetero, 6-Membered Ring Compounds 

L e t  t h e  resonance i n t e g r a l  $cy between subs t i t uen t  bases and adjacent 

W e  can then compute S E accordingly. 

carbon atoms be 6. from a + 26 t o  
a ,  t h e  resonance i n t e g r a l  Bcx from 1.46 t o  0.88, and t h e  8oulomb i n t e g r a l  
% from a + 26 t o  a. The r e s u l t s  

are shown i n  Tables 3,  4 ,  5 and 6. W e  a l so  give the  conclusions drawn 
from these  t ab le s  below. 

Then w e  change t h e  Coulomb i n t e g r a l  a 

r 

2.2.1 a-Substituent 

y=. (1) The m a x i m u m  si te of SrE does not depend on a X I  B,, and a 

and it becomes l a rges t  a t  t h e  3% pos i t i on  succeeded by the 5% posi t ion.  

When E,, = B (e.g., pyridine) , S3E and SSE decrease as t h e  
absolute  value of a increases, i r r e spec t ive  of a The rate of decrease 
is  on t h e  order of SgE > S3E. 
dent on ay. 

(2) 

X Y'  
The e f f e c t  of ax on SbE and SGE is  depenm 

(3) When a = a I- 0.56 (e.g., pyridine),  S3E, and S: increase  
The rate of 

X 
as the  absolute value of Bcx increases ,  i r r e spec t ive  of "y. 

( 3 )  A. A. Morton, "The Chemistry of Heterocyclic Compounds", McGraw H i l l ,  

. . . . . . . . .  . . . . . . . . . .  . . 

New York, 1946. 
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TABLE 3 .  

THE VALUE OF .SrE WHEN ax, B~~ AND ay ARE CHANGED IN 
MONOSUBSTITUTED, 6-MEPBERED RINGS 

a+0.5@, Bey-=@) 

1,1082.i~ 0.6100 1.1973 
0.5730 ! 1,5432 
0.6702 4 , 4,7373 

0.7224 ' ' 3.3511 

ubs t i tuent  (ax=4a+2@, @CY-!) 

a-t-28 0.6881.( 0.4902" 1.0030 
a4-S ' 0.7520 0.4561 

' 

increase is  on the order of SgE > S3E. On the  contrary,  S4E and SgE 
become smaller on the  order of SgE SqE. 

( 4 )  
value of ay increases.  

I r respec t ive  of ax and BcX, SrE decreases as the  absolute 
The rate of decrease is on the  order of SgE % - SgE >> 

>> S4E kS&jE1 

2.2.2 B-Substituent 

(1) The maximum s i te  of SrE changes with Bcx, i r r e spec t ive  of 
ax and ay. 
a t  the 22& posi t ion when BCX is  0.88. 

It is a t  the  &pos i t i on  when 8 is  equal t o  '1.48, but i t  is  cx 

(2) When BCx = 6, SrE decreases as the absolute value of ax in- 
creases, i r r e spec t ive  of %. The rate of decrease is  on the  order of 

> SgE > SZE >> SgE. 

(3) When cx = a + 0,5#3, SqE and SgE decrease as the absolute 
value of $a increases ,  i r r e spec t ive  of ay, but  S2E and SgE decrease. 
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TABLE 4 

THE VALUE OF SrE WHEN ax, B,, AND 9 ARE CHANGED I N  
MONOSUBSTITUTED, 6-MEMBERED RINGS 

0.7456 0.8733 
at-0.58 0.647 1.5852 0.7044 1.3147 0.8120 1,3242 4.2196 

I 

Note (a):  Since the maximum oltbital  becomes an anti-bonding o r b i t a l  
[ r e f e r  t o  Note 6 of (Ref. 1) 1 , SrE cannot be 
calculated.  

( 4 )  I r respec t ive  of ax and BCX, SgE s l i g h t l y  increases  as the 
absolute value of ay increases ,  but  SzE, SbE, and S G ~  decrease. 

2 . 2 . 3  y-Substituent 

(1) 

(2) 

The m a x i m u m  si te of S,E does not depend on ax, ay and BCX. 

When BCX = 6, SgE and S2E decrease, i r r e spec t ive  of ay as 
the  absolute value of ax increases.  

(3) When ax = a + 0.56, SgE increases i r r e spec t ive  of cty as 
the absolute value of Bcx increases ,  but  SeE decreases. 

( 4 )  
l u t e  value of BCX increases.  
t h a t  of SzE. 

Irrespective of ax and BCX, S3E and S2E decrease as the  abso- 
The rate of decrease of S3E is  l a rge r  than 
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TABLE 5 

T€E VALUE OF SIE WHEN ax, BCx AND “y ARE CHANGED 1% 

MONOSUBSTITUTED, 6-MEMBERED RINGS 

From these  r e s u l t s  w e  obtain the  following conclusions: 

(1) For each of t he  a-, $- and y-substi tuents,  a a f f e c t s  SrE a t  
t he  0- and p-position through subs t i t uen t  bases. 
tuent bases on S E depends on a r X 
subs t i tuent  bases, heteroatoms, and carbon atoms ins ide  the  r ing.  

The effec? of subs t i -  
and B,,, as w e l l  as on t h e  relative si te of 

/6 70 

(2) When heteroatoms are at  t h e  0- and p-position with respect t o  
subs t i tuent  bases , SrE strongly depends on t h e  electric nega t iv i ty  of 
heteroatoms a t  the  0- and p-position ( the  sites of strong e l e c t r o p h i l i c  
r e a c t i v i t y  due t o  l a rge  SrE). 
increases ,  S E a t  these  sites decreases; E a t  t h e  ?ra and 
5% pos i t ion  of a-substi tuents,  as w e l l  as at  t h e  3G!. pos i t i on  of t h e  y-substi- 
tuents ,  is  smaller than t h a t  of t h e  8-substituents a t  the @ posi t ion.  

A s  the electric nega t iv i ty  of heteroatoms 
Therefore, r ‘r 

(3) W e  n i t r a t e d  various oxypyridines i n  a mixed ac id  a t  25OC 
(7OoC f o r  y-substituent) and obtained the rate of reactivity as shown i n  

e 2 (4) . I n .  these  compounds , pyridine bases became reaction cores . . . . . . . .  . . . .  
. . . . . . . . . . . . . . . . . . .  

(4)  Veno, H i r a i ,  Asakawa, Imoto (unpublished). 
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TABLE 6 

THE VALUE OF SrE WHEN 9 I S  CHANGED I N  MONOSUBSTITUTED, 
6-MEMf3ERED RINGS (WHERE ax a, 6, = 6 )  

a r  so= Sa" S,E - , s p  S,E'*i i 'sp 
a + 2 @ ,  , 0.9950 0.8312 1.0062 0.7895 1.0730 cy 

' a+fi "1.2027 0.8283 1.2273 0.7485 2.1375 , a0' , '  -- -_ -" 

Note (a): Since the maximum o r b i t a l  is  an anti-bonding o r b i t a l  
SrE cannot be computed [ r e f e r  t o  Note 6 (Ref. l)]. 

themselves. 
s i d e  the parentheses. 
perimental r e s u l t s ,  a s  may b e  observed from Figure 2. 
problems f o r  a-substituents, and w e  w i l l  r epor t  on t h i s  i n  a subsequent 
paper 

In the  f igure ,  SrE of every carbon atom is  a l s o  described in- 
Except f o r  the  a-substituent, SrE agrees with ex- 

There are some 

Figure 2 

SrE of Various Oxypyridines and the  Reaction 

Parameters used i n  computation: 

R a t e  of N i t r a t ion  (E, mol", sec'l) 

a~ = a + 0.58, - BCN - 8, a0H = a +  0.58, BC-OH = 8. 

3. NUCLEOPHILIC REACTIVITY SrN 

3.1 Monohetero, 5-Membered Ring Compounds 

3.1.1 Effec t  of Heteroatoms 

Using t h e  same parameters as i n  2.1.1 f o r  Sr , w e  may compute E 

SrN. 
t a b l e  is described below. 

The r e s u l t s  are shown i n  Table 7, and the conclusion drawn from t h e  

! 
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TABLE 7 

THE VALUE OF srN WHEN ay AND B,, ARE CHANGED IN 
MONOSUBSTITUTED, 5-MEMBERED RINGS (mRE ay = a f 6, BCy 

a- subst i tuent  

(3) 

a -0.5fi':1' 0.5299 : 

(1) Effect  of ax 

1) The order of magnitude of SrN depends on ax. 

( i )  When the  absolute value of ax is l a rge r  than a, 
SrN becomes smaller i n  the  order of !5% > & > ?rd f o r  the a-substi tuent,  
and i n  the order of 5 t h  > 2@. > 4.?& f o r  the  (3-substituent. 

( i i )  When the  absolute value of ax is  smaller than a, 
SrN becomes smaller i n  the  order of /,th > 5% > ?rd f o r  the  a-substi tuent,  
and i n  the order of !& > 4= > & fo r  t he  &subst i tuent .  

2) 
absolute value of ax increases.  

Both f o r  a- and +subst i tuents ,  SrN increases as the  
The rate of increase becomes smaller 
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TABLE a 

THE VALUE OF SrN WHEN 01y AND 8, ARE CHANGED I N  
MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE = a 4- 0.58, 

8cx = 0.66) 
i a-substi tuent 

0.6088 ' ' 0.6081 ' ' .  0.8133 0.006854 

i n  the order of SgN 'L,S4N >> S3N f o r  t he  a-substi tuents,  and i n  the order 
of SgN > S2N > S4N f o r  the @-substi tuents.  

(2) Effect  of Bcx 

1) The order of magnitude of SrN is determined by ax f o r  
the a-substi tuent,  and it changes i n  the  order of SgN > S 4 N  > S3N, irre- 
spective of OCx. In the  case of the  6-substi tuent,  it is  determined by 

6cx. 
smaller i n  the  order of SgN > SzN > SbN, and when the  absolute value of 
eCx is smaller than 0.48, it becomes smaller i n  the  order of S$ > SkN > 

When the absolute value of BCx is  l a rge r  than 0.48, i t  becomes 

> s p .  
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TABLE 9 

THE VALUE OF SrN WHEN ax, fiCX, ay ARE CHANGED I N  
MONOSUBSTITUTED, 6-MEMBERED RINGS 

(r3.28, ' 0.5338' 0.7604 1 0.7654 

0,9798 0.3183 

0.8333 1.0225 0.7765 

0.5834 0.7224 : , 0.7911 
1 8 1273 0.2059 

1 e 4283 0.2866 
0.2867 0.7812 0.8809 1.3146 0,5894 

2) For both *and B-substituents, SrN decreases as the /671 
absolute value of Bcx increases ,  i r r e spec t ive  of ax. 
crease becomes smaller i n  the  order of S5N 2 S4N >> S3N f o r  the  a-substi- 
tuents ,  and i n  the  order of SgN > S4N > SzN f o r  the B-substituents. 

The rate of de- 

3.1.2' Effect  of Substi tuent Base 

The same parameters as used i n  (2.1.2) t o  compute SrE are used i n  
computing SrN. 
associated with t h i s  are described below. 

The r e s u l t s  are tabulated i n  Table 8, and the conclusions 

(1) Effect  of ay 

1) For both a- and B-substituents, t he  order of magnitude 
of SrN is determined by ax, and it is  independent of ay. 

2) For both a- and B-substituents, SrN decreases, irrespec- 
tive of 9, as the  absolute value of B, increases. 
becomes smaller i n  the order o f ,  SgN > S3N >> SqN 
and i n  the order of S2N' >> S5N 'L, SbN f o r  t he  B-substituents. 

The rate of decrease 
f o r  t he  a-substi tuent,  

14 



TABLE 10 

ARE CHANGED I N  THE VALUE OF SIN WHEN ax, B,, ay 
MONOSUBSTITUTED, 6-MEMBERED RINGS 

------- 

(2) Effect  of BCy 

1) For both a- and B-substituents, t h e  order of magnitude 
of SrN does not depend on om. 

‘ 2) 

Namely, i t  is determined by ax. 

For both a- and B-substituents, SrN decreases as 
the absolute value of Bcu increases,  i r respec t ive  of ay. 

decrease is  i n  the  order of SgN ”./ S3N > S, 

and i n  the order of S2N >> S5* ZS, 

The r a t e  of 

f o r  t he  a-substi tuent,  

f o r  t he  @-substituent. 

From these r e s u l t s ,  t he  following conclusions are reached: 

1) The s i te  undergoing nucleophilic react ions depends on 
the  electric negat ivi ty  of heteroatoms for both 01- and B-substituents. 
For a l a rge r  electric negat ivi ty ,  the  m p o s i t i o n  is  most react ive,  while 
f o r  a smaller electric negat iv i ty  the & posi t ion is most reactive.  

2) For both a- and B-substituents, t he  electric negat ivi ty  
of subst i tuent  bases,  as w e l l  as the  overlapping of wave functions of sub- 
s t i t u e n t  bases w i t h  those of adjacent carbon atoms, has a small e f f e c t  on 
SrN. 
kind of heteroatoms. 

The r eac t iv i ty  of subs t i tu ted  r ing  compounds i s  determined by the 
The l a rge r  the  electric negat ivi ty  of heteroatoms, 
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TABLE 11 

THE VALUE OF .srN WHEN ax, gcx, ay ARE CHANGED IN 
MONOSUBSTITUTED, 6-MEMBERED RINGS 

1,1064 , '  ' 0.3092 
* I 0.7550 1 0.6620 

and the smaller the  overlapping of wave functions of heteroatoms with those 
of adjacent carbon atoms, t h e  l a r g e r  SrN becomes and the  more reactive i t  
becomes. 

3) The proper t ies  of heteroatoms and subs t i t uen t  bases 
have less e f f e c t  on SrN than they do on SrE. 

3.2 Monohetero, 6-Membered Ring Compounds 

Using the  same parameters as i n  the case of SrE of monohetero 6-mem- 
bered r ing  compounds, we may compute SrN, and the  r e s u l t s  are depicted 
i n  Tables 9 ,  10, 11 and 12. The conclusions associated w i t h  t h i s  are 
presented below. 

3.2.1 a-Substituent 

(1) The maximum s i t e  of SrN depends on Bcx, i r r e spec t ive  of ay 
and ax. 
f o r  0.8B. 

When Bcx is 1.413, i t  is  at  the  & pos i t ion ,  but a t  the-  6% pos i t ion  

(2) When BCx = 1 3 ,  S3N, SbN, and SgN increase,  i r r e spec t ive  of 
ay ,  as t h e  absolute value of ax increases. 
order 'o f  SgN > SkN >> SgN. 

The rate of increase is  i n  t h e  
The e f f e c t  of ax on SSN depends on ay. 

16 



TABLE 1 2  

THE VALUES OF SrN WHERE 0”y I S  CHANGED IN MONOSUBSTITUTED, 
6-MEMBERED RINGS (WHERE ax = a, B c y  =s 8) 

S,N sp’ s p  s p  S,rN 

0.7027 0.82113 0,7273 0.74115 .o.t375 
0.7450 0.8312 0.7562 0.7895 0.07303 

a +0.58.‘ 0.6656 0.8240 0.7057 , 0.7n66 0.201 1 

(3) When ax = a + 0.58, s ~ N ,  s4N and SgN decrease i r respec t ive  

of 9, as the  absolute value of f3cx increases.  
i n  the order of SgN > SqN >> S3N. 
on ay. 

the  absolute value of ay increases.  
of S5 

The rate of decrease is  
The e f f e c t  of Bcx on SgN is  dependent 

I r respec t ive  of ax and eCx, SkN, SgN and SgN increase as ( 4 )  
The rate of increase is i n  the order 

N > SbN > SgN. The e f f e c t  of ay on S3N is  dependent on ax and BCX. 

1672 3.2.2 8-Substituent - 
(1) The maximum site of SrN changes with B,, i r r e spec t ive  of 

ay. 
smaller, it is a t  the  2Ed posi t ion.  
comes smaller and t h a t  of 8, becomes la rger ,  it moves t o  the  * posit ion.  

When the absolute value of ax becomes larger and tha t  of €3, becomes 
m e n  the absolute value of ax be- 

’ 

(2) When Bcx = 8 ,  SgN decreases i r respec t ive  of oby as the  /673 
absolute value of ax increases, but SzN, SqN and SgN increase.  
of increase i s  i n  the order of s ~ N  > s b N  > s 4 N .  

The rate 

(3) When ax = ’ a  + 0.58, SgN increases  i r r e spec t ive  of ay as 
the  absolute value of Bcx increases ,  but SzN, S4N and SgN decrease. 
rate of decrease is i n  the order of SpN > SGN > SbN. 

The 

( 4 )  
value of ay increases.  
8cx and ax on Sr . 

I r respec t ive  of ax and @cX, SrN increases  as t he  absolute 
The’effect  of ay’ on SrN is smaller than that of 

N 

3.2.3 y-Substituent 

(1) 
i 

The maximum si te of SrN is a t  the 2 d  pos i t ion  and is 
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TABLE 13 

THE VALUE OF SrR WHEN ax AND BCX ARE CHANGED I N  
MONOSUBSTITUTED, 5-MEMBERED RINGS (WERE ay = a = $ 3  B c ~  = $1 

a-sub s t it uen t * I' . I  

S I R  SoR SaR S r R  SsR S p R  
a + j  0.7930 1.1328 1.4317 1.0410 1.5962 1.5962 
a + 0 . 5 8  1.0218 1.2351 1.4257 1.1770 1.5426 1.7467 

1.4202 1.4987 1,4202 1.4796 1.47% 2.0640 
2.4775 2.4300 1.4159 2.4515 1.4119 3.0519 

a+,9 1 0.9361 1.1030 1.4501 0.9311 1.7236 1.4352 
a+0.5,9 1.4513 1.lti44 1.4500 1.0424 1.6744 1.5646 

3,1957 1,6638 1.4397 1.5678' 1.5971 , 2.1151 
a - 0 . 5 8 a j  - - - - - 

0.9969 1.1010 1.4877 0.8649 1.8333 1.3007 
1.9156 1,1172 1.4053 0.0867 1.0222 1.3359 

-25.1427 1,9947 1.4800 1.7013 1.7924 2,2431 
- - a-O.5 ,9O - - - 

1-subst i t u e n t  
f ,  I 

S I R  SaR S I R  S,K SsR 

0.8477 1.5435 1.0334 0.9872 1.1621 1.5721 
1.0014 1.4052 1,1815 I ,  1191 1.2402 1.7346 
1,4796 1.4202 1.4987 1.4202 1.4796 2.0648 

a -0.5B 2,5299 1.3550 2.4865 2.3931 2.3093 3,0620 
, I  

0 4 - B  . .  0,9909 1.6855 
a + 0 . 5 j  1.5304 1,6277 

3.3017 1.5395 
U-0.5j') - - 

1,0090 1.8056 
a +0,5B 1,9418 1.7922 

25,2196 1.7526 
a-0,5/3@> - - 

0.R910 
1.01 16 
1 .5530 - 
0.8085 
0. C303 
1.7236 - 

0,9077 1 a2001 In3663 
1.0039 1.2462 1.5009 

'1.5144 1.6773 2.0785 

0.9038 1.2870 1.1994 
0.9177 1.2900 1.2290 
1,7911 2,1290 2.1417 

Note (a) : Since t h e  maximum o r b i t a l  becomes an anti-bonding o r b i t a l  
[ r e f e r  t o  note 6 of (Ref. 1) 1, SrR cannot be  
computed . 

independent of ax, Bcx, and ay. . 

(2) When B c x  = $, SzN increases i r r e spec t ive  of ay as the abso- 
l u t e  value of ax increases. The e f f e c t  of ax on S3N is dependent on aye  

(3) When ax = a + 0.56, S2N decreases i r r e spec t ive  of ay as 
t h e  absolute value of f3cx increases. 
dependent on 9. 

But the  e f f e c t  .of Bcx on SgN is 
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( 4 )  I r respec t ive  of ax and BCx, SzN and SgN increase as the 
absolute value of 9 increases. The e f f e c t  of ay on SrN is smaller than 
that of Bcx and 0 1 ~  on Sr N . 

The following conclusions may be drawn from these re su l t s :  

(1) For every a-, B- and y-substituent, the e f f e c t  of the elec- 
t r i c  negat ivi ty  of subs t i tuent  bases on SrN is smaller than that of the 
electrXc ~ e ~ ~ t ~ v ~ ~ ~  of heteroatoms; thfcr also bide true for the effect: 
on the overlapping of wave functions of heteroatoms w i t h  those of adjacent 
carbon atoms. 

(2) The l a rge r  t he  electric negat ivi ty  of heteroatoms and the  
smaller the  overlappibg of wave functions of heteroatoms with those of 
adjacent carbon atoms, the  l a rge r  t he  values of S2N, SqN and SgN become. 

4 .  RADICAL REACTIVITY SWR 

4.1 Monohetero 5-Membered Ring Compounds 

4.1.1 Effect  of Heteroatoms 

The same parameters used f o r  SrE i n  2.1.1 are used i n  computing 
SrR. 
with t h i s  are described below. 

The r e s u l t s  are shown i n  Table 13, and the  conclusions associated 

(1) Effect  of ax 

1) The order of magnitude of ax depends on SrR.  

( i )  When the  absolute value of ax i s  l a rge r  than a, 
SrR becomes smaller i n  the  order of 5th > e > Ith f o r  the  a-substi tuent,  
and i n  the order of snd > 5& > /,th f o r  the @-substituent. 

(ii) When the  absolute value of ax is  smaller than a, 
S r R  becomes smaller i n  the order of 
and i n  the  order of 5 g  > 4.!& > 2& f o r  the 6-substituent. 

> a f o r  the a-substi tuent,  

2) I r respec t ive  of Bcx, SqR decreases as the absolute value 
of ax increases f o r  the a-substituent. 
g rea te r  than that of S3R. 

value of ax increases, but  SgR and SqR decrease. 
SqR is  less than t h a t  of SgR. 

The rate of increase of SgR is 

I n  the  case of the  B-substituent, S2' increases as the  absolute 
The rate of decrease of 
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TABLE 1 4  

THE VALUE OF. SrR WHEN ax AND BCx ARE CHANGED I N  
MONOSUBSTITUTED, 5-MEMBERED RINGS (WHERE ax = + 0.5B,.Bcx = 0.66) 

. 0.9115 ' ' 

@& subs t i tuent  

0,9067 \ 0.9055 

1,1117 ' 1.0162 

(2) Effect  of BCX 

1) The order of magnitude of SrR depends on ax f o r  both 
a- and 6-substituents, and is  independent of Bcx. 

2) The e f f e c t  of Bcx on SrR is dependent on ax. 

( i )  When the  absolute value of ax is  l a rge r  than a, 

The rate of decrease of S5R is l a rge r  

The rate of decrease 

SqR increases  as the absolute value of BCX increases f o r  t he  a-substi- 
tuent ,  but  S 3 R  and S g R  decrease. 
than t h a t  of S3R.  
value of 1 3 ~ ~ :  increases ,  but  S2R and SgR decreaser 
of S2R is l a rge r  than t h a t  of SgR. 

As f o r  the  6-substituent, SbR increases  as the  absolute 
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TABLE 15 

TKE VALUE OF SrR WHEN ax, Bcx, 9 ARE CIlAWGED I N  
MONOSUBSTITUTED, 6-MEMBERED RINGS 

i t uen t  (where 

( i i )  When the absolute value of ax is  smaller than a ,  - /674 
SrR of both a- and 6-substituents decreases as the  absolute value of Bcx 
increases.  
t he  a-substi tuent,  and i n  the order 
tuent  . 

The rate of decrease is i n  the order of SgR > SqR > S3R f o r  
of SgR > SqR > S2R f o r  the 6-substi- 

4.1.2 Effect  of Substi tuent Base 

Using the  same parameters as i n  the case of SrE i n  (2.1.2), w e  
may compute SrR. 
are described below. 

The r e s u l t s  are shown i n  Table 14 ,  and the conclusions 

(1) Effect  of 9 

1) For both a- and 6-substi tuents,  t he  order of magnitude 
of SrR is  determined by ax, and is  independent of 0”y. 

2) For both a- and 6-substituents, SrR rapidly increases  
as the absolute value of “y decreases, 
i n  the order of SgR > SaR > SqR f o r  the a-substi tuent,  and i n  the  order of 
SzR > SgR > SqR for the  6-substituent. 

The rate of increase becomes smaller 

21 



TABLE 16 

THE VALUE OF.SrR WHEN ax, BCx, ay CHANGED I N  
MONOSUBSTITUTED, 6-MEMBERED RINGS 

i ,  I3-l subs t i tuent  (where a, = 01 -E 
ay .: S I X  

0.0365 ; 0.7322 0.7940 

C U + B  i 0.6487 
a+0.5,9 0.6470 ' 

(2) Effec t  of B, /675 

1 )  The order of magnitude of SrR does not  depend on B c y  
f o r  both a- and 6-substituents, bu t  it is  determined by ax. 

2) For both a- and B-substituents, SrR increases  as t h e  
absolute value of 6, increases ,  i r r e spec t ive  of ay. The rate of increase 
becomes smaller i n  t h e  order of SgR > SgR > SqR f o r  t he  a-substituent, and 
i n  the  order of S2R > SgR > SqR f o r  the  6-substituent. 

From these  r e s u l t s ,  t h e  following may be concluded: 

1) The si te undergoing r a d i c a l  reac t ions  depends on the  
electric negat iv i ty  of heteroatoms. But the electric negat iv i ty  of sub- 
s t i t u e n t  bases and the  overlapping of wave functions of heteroatoms with 
those of adjacent carbon atoms does not a f f e c t  the reac t ion  site. 
ever, they are re l a t ed  t o  t h e  r e a c t i v i t y  (SrR i t s e l f ) .  
reac t ion  is  s t rongly  governed by the electric nega t iv i ty  of heteroatoms. 

How- 
Thus, t h e  r ad ica l  

2) When heteroatoms possess g rea t  electric nega t iv i ty  
(e.g,, oxygen) 
and a t  t h e  2nd pos i t ion  f o r  t h e  8-substituent. But f o r  those having 
a smaller electric nega t iv i ty  -- such as selenium -- they become reactive 

they become reactive at  t h e  pos i t i on  f o r  t h e  a-subst i tuent ,  
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TABLE 17 

THE VALUE OF SrR WHEN ax, ficx AND ay ARE CHANGED I N  
MONOSUBSTITUTED, 6-MEMBERED RINGS 

at the  f& pos i t ion  f o r  both a- znd 6-substituents. 
of selenium, the  l a r g e r  overlapping of wave functions due t o  in t e r l ac ing  
with the  d-orbital  r e s u l t s  i n  a smaller r ad ica l  r eac t iv i ty .  

However, as i n  the  case 

4.2 Monohetero, 6-Membered Ring Compounds 

Using t h e  same parameters as f o r  SrE of monohetero, 6-membered r ing  
R compounds, w e  may compute Sr . 

16,  17 and 18, and t h e  conclusions are described below. 
The r e s u l t s  are tabulated i n  Tables 15, 

4.2.1 a-Substituent 

(1) The m a x i m u m  si te of SrR depends on ax, Bcx and ay, espec ia l ly  
on ax. 
6 th pos i t ion  f o r  c1 + 28. 

When ax is equal t o  a + 0.58, i t  is  a t  t h e  3& pos i t ion ,  but i s  a t  the  

R ( 2 )  When 8cx = 8 ,  S5 decreases i r r e s p e c t i v e  of ay as t h e  abso- 
l u t e  value of ax increases ,  bu t  SkR and SgR increase. 
crease is i n  the  order of SgR > SqR. 
ay, the e f f e c t  of ax depends on ay, and no general  statements can be  made. 

The rate of in- 1676 
Since S3R is  strongly influenced by 

( 3 )  When ax = a + 0.58, SgR increases i r r e spec t ive  of ay as 
t he  absolute value of BQZ. increases ,  b u t  SqR and S6R decrease. The rate 
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TABLE 18 

THE VALUE OF SrR WHEN g, IS  CHANGED I N  MONOSUBSTITUTED 
6-MEMBERT3D RINGS (WHERE ax = OL, Bm = 6) 

* , ay sp s p  S I R  S,R .. S,#R . 
a4-24 0.8700 0.8312 0.8812 0.7895 0.5730 
a+! . 0.9527 0.8203 0.9773 0.7405 1.1375 . 
a f 0 . 5 4  1.1656 , 0.0248 . 1.2057 0.7066 ,2.2011 

of decrease i s  i n  the  order of SgR > SqR. 
by ay, the  e f f e c t  of ax depends on ay, and no general statements can be 
made i n  t h i s  regard. 

the absolute value of ay increases.  Since S I R ' i s  s t rongly influenced by 
heteroatoms, the e f f e c t  of % cannot be discussed i n  general. 

Since S C J ~  is  s t rongly influenced 

(4) I r respec t ive  of ax and 6cx, S SgR and SgR decrease as 

4.2.2 B-Substituents 

(1) The maximum s i te  of SrR depends on ax, BCx and ay, especial ly  
It is a t  the @ p o s i t i o n  when the  absolute value of ax on ax, and BCx. 

becomes l a rge r  and tha t  of BCx becomes smaller. 
when the absolute value of ax becomes smaller and t h a t  of Bcx becomes 
larger .  

But it is at  the  &pos i t i on  

(2) When BCx = B ,  SgR s l i g h t l y  decrease3 i r respec t ive  of ay as 
R the  absolute value of ax increases ,  but  SzR increases.  

are s t rongly influenced by ay, the  e f f e c t  of ax depends on 9, but  it tends 
t o  decrease. 

Since SqR and s g  

(3) When ax = a + 0.56, SgR s l i g h t l y  increases ,  irrespective of 
OLY, as the absolute value of ax increases ,  but  SzR, SqR and SgR decreaseo 
The rate of decrease i s  i n  the order of SzR SgR > SqR. 

(4) I r respec t ive  of ax and Bcx, SgR s l i g h t l y  increases  as the 
R absolute value of ciy increases, but  S2 , SqR and SgR decrease. 

4.2.3 y-Substituents 

(1) The m a x i m u m  site of SrR depends on ax, B ~ J  and 9, especial ly  
on ax. 
the  @ p o s i t i o n ' f o r  a + 2B. 

When ax is equal t o  a f 0.56, it is  a t  the  d posi t ion,  but is a t  
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R (2) then Bcx = 6, S2 
l u t e  value of ax increases ,  but  SgR decreases. 

increases  irrespective of ay as the abso- 

(3) When ax = a + 0.56, S3R increases irrespective of 9 as 
the  absolute value of BCx increases ,  but  SzR decreases. 

R ( 4 )  
value of ay increases. 
the e f f e c t  of ay cannot be discussed, i n  general. 

I r respec t ive  of ax and BCx, S 3  decreases as the  absolute 
Since s ~ R  is stron l y  influenced by heteroatoms, 

From these r e s u l t s ,  t he  following conclusions can be drawn: 

. (1) The maximum si te of SrR is  mainly dependent on ay and bCx. 

(2) As the  e l e c t r i c  nega t iv i ty  of the subs t i tuent  base increases,  
SrR a t  the o- and p-posit ion decreases. 
not grea t ly  affected by the e l e c t r i c  nega t iv i ty  of the  subs t i tuent  base. 
The e f f e c t  of the electric negat iv i ty  of the  subs t i tuent  base on S r R  
depends on such fac tors  as ax, B,,, the  subs t i tuent  base, heteroatoms, 
and the r e l a t i v e  locat ion of carbon atoms ins ide  the  ring. 

The value of S R a t  the m-position is  r 

As the overlapping of wave functions of heteroatoms with those of 
adjacent carbon atoms increases ,  and the  e l e c t r i c  nega t iv i ty  of heteroatoms 
increases,  SrR at  the &, and CIth posi t ion increases.  But SrR a t  the 

3& and 5& posi t ion is not grea t ly  influenced by heteroatoms. 
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